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(57) ABSTRACT

An apparatus for examining the surface of a crystalline
sample uses in-plane grazing incidence diffraction with a
position-sensitive detector. The x-ray source illuminates an
extended region of the sample and, for crystal sections having
the appropriate lattice orientation, an elongated diffraction
signal is produced. The relative position of the sample and the
x-ray beam may then be changed to illuminate different
regions of the sample so that the diffraction signal corre-
sponds to these other regions. By scanning across the entire
sample, a spatial profile of the sample surface may be gener-
ated. The system may be used to locate crystal boundaries,
defects, or the presence of attenuating materials on the sample
surface.

22 Claims, 4 Drawing Sheets
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1
METHOD AND APPARATUS FOR SURFACE
MAPPING USING IN-PLANE GRAZING
INCIDENCE DIFFRACTION

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates generally to the field of x-ray dif-
fraction and, more specifically, to in-plane grazing incidence
diffraction (IPGID).

2. Description of the Related Art

In the field of x-ray diffraction, radiation with a wave-
length, A, in the sub-nanometer range is directed to a crystal-
line material with a given interatomic spacing, d. When the
angle of incidence, 0, relative to the crystalline structure
satisfies the Bragg equation, A=2d sin 0, an interferometri-
cally reinforced signal (the diffracted signal), may be
observed leaving the material, with an angle of emission
being equal to an angle of incidence, both angles being mea-
sured with respect to a direction normal to the interatomic
spacing of interest. The plane which is defined by the incident
radiation and the diffracted signal is commonly referred to as
the scattering plane.

If a material consists of a single crystal, all interatomic
spacings of a specific length share the same orientation,
meaning that the material must be precisely positioned such
that the angle of incidence relative to the interatomic spacing
of interest satisfies the Bragg equation. If a material is poly-
crystalline, that is, if it consists of multiple crystallites, the
interatomic spacings will generally have random orientations
and, thus, the material does not have to be precisely posi-
tioned for a diffraction analysis.

To enhance the diffraction signal emitted from the surface
of a material, a geometry called in-plane grazing incidence
diffraction (IPGID) may be used. In IPGID, the scattering
plane is brought nearly coincident with the surface plane of
the material. The deviation of the scattering plane from the
material surface plane is called the “alpha angle.” For the
incident beam, this angle is referred to as the “alpha inci-
dence” (), while for the diffracted signal this angle is called
the “alpha final” (az). For an IPGID analysis, o is set equal
to or very near the angle of total external reflection of the
material, giving the technique a significant increase of inten-
sity. As this angle is typically very low, it also results in the
beam being spread over the material surface, and a parallel
plate collimator with a point detector is used to decouple low
angle incident radiation spread from diffracted signal angle.
This technique can be used to measure single crystal or poly-
crystalline regions of a material, as the in-plane incident
radiation direction, 8,, is decoupled from the scattering plane
elevation angle, o,

SUMMARY OF THE INVENTION

In accordance with the present invention, a method and
apparatus are provided for examining and mapping the sur-
face of a crystalline sample using in-plane grazing incidence
diffraction together with a position-sensitive detector. In an
exemplary embodiment, an X-ray source is located so that it
generates an x-ray beam that is incident on the sample at an
angle relative to the sample surface that results in the genera-
tion of an in-plane grazing incidence x-ray diffraction signal
from sections of the sample having a crystal structure in a
predetermined orientation. The x-ray beam is such that it
simultaneously illuminates a sample region that extends sub-
stantially the entire length of the sample in a first direction.
The position-sensitive x-ray detector is positioned to receive
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the x-ray diffraction signal, which has a spatial profile that
corresponds to the illuminated region of the sample. That is,
the diffraction signal represents diffracted x-ray energy from
the area of the sample upon which the x-ray beam is incident,
and has a spatial intensity distribution that corresponds to the
strength of the x-ray diffraction across the illuminated region.
A displacement mechanism is then used to displace the x-ray
beam relative to the sample so as to change the region of the
sample that is illuminated thereby.

The position-sensitive detector of the present invention
allows a spatial mapping of the diftracted x-ray beam relative
to the sample surface. In one embodiment, the detector is a
one-dimensional detector, capable of detecting an x-ray dif-
fraction signal that has a roughly linear profile while, in
another embodiment, the detector is a two-dimensional x-ray
detector. The illuminated region of the sample may approxi-
mate a line with a predetermined thickness, which results in a
diffraction signal having a similar shape.

The displacement mechanism, which provides the relative
movement between the x-ray beam and the sample, may
include a moveable support upon which the sample resides.
The movement of the sample may be translational and/or
rotational, and results in the x-ray beam being incident on a
different region of the sample. In a method according to the
invention, the x-ray beam and the sample are displaced rela-
tive to each other multiple times, and for each displacement
the diffracted x-ray beam is detected and corresponding
intensity information is recorded relative to the spatial profile
of'the diffraction signal. This intensity information may then
be assembled from each displacement to construct a spatial
profile of the sample surface.

In one application of the invention, a spatial profile of the
sample surface may be analyzed to identify the presence and
location of a signal-attenuating material deposited thereupon.
One variation of this embodiment includes the determination
of'the spatial profile of the relative thickness of such a signal-
attenuating material. Such a method may involve examining
a sample that comprises a silicon wafer upon which is depos-
ited a signal-attenuating material comprising a masking agent
for use during semiconductor fabrication. A method accord-
ing to the present invention may also include analyzing a
spatial profile of the sample surface to identify the presence
and location of crystal boundaries in the sample. A similar
method may be used to identify the presence of crystal defects
in the sample. In yet another variation, an analysis of the
spatial profile of the sample surface may be used to locate
curvatures therein.

Another method according to the present invention
involves changing the relative rotational orientation of the
x-ray beam and the sample in the plane of the sample surface.
For a sample having regions with different crystal orienta-
tions, this change in rotational orientation can be used to
produce a diffraction condition in a region of the sample
where no diffraction condition existed prior to the orientation
change. The rotational orientation may be changed repeatedly
while detecting an intensity profile of the diffracted signal
with the detector, and the changing intensity profile used to
assemble a spatial profile of crystal orientation in different
regions of the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic view of an x-ray diffraction system
according to the present invention.

FIG. 2A is an image of an intensity profile resulting from
examination of a sample using the system of FIG. 1.
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FIG. 2B is an image of an intensity profile similar to that of
FIG. 2A, but for which there is an intensity attenuation in one
region of the signal due to the presence of an attenuating
material on the surface of the sample being examined.

FIG. 3 is a schematic view of a system according to the
present invention that includes a sample support that may be
moved either laterally or rotationally.

FIG. 4 is a graphical view of an intensity distribution
obtained for a sample using a system such as shown in FIG. 3.

FIG. 5 is an image of a spatial intensity profile obtained for
a sample using a system such as shown in FIG. 3.

FIG. 6 is an image of a sample upon which is deposited a
signal-attenuating material in a recognizable pattern.

FIG. 7 is an image of a spatial intensity profile obtained for
the sample of FIG. 6 using a system such as shown in FIG. 3.

DETAILED DESCRIPTION

Shown in FIG. 1 is a schematic view of an x-ray diffraction
analysis system according to the present invention. A sample
material 10, which in this embodiment is a single crystal, is
illuminated by an incident x-ray beam 12 that has an angle 6,
relative to the lattice planes of the crystal structure. In the
figure, the x-ray beam 12 is emitted by x-ray source 11 and is
represented by three lines, namely, a dark solid line indicative
of a center of the beam and two dotted lines that together
indicate the beam width. Those skilled in the art will also
recognize that FIG. 1 is not to scale, and that the incident
angle of the beam is actually much smaller than it appears in
the figure (for example, about 1°). The x-ray beam 12 has a
finite thickness and, in the present embodiment, has a circular
cross-sectional shape. However, because of the very small
angle of incidence, the beam illuminates a long, narrow sec-
tion of the material, as indicated in the figure by dashed line
14.

The two lines 16 shown in FIG. 1 represent (not to scale)
the locations of two lattice planes of the crystal that, as indi-
cated, are separated by an interatomic spacing d. The in-plane
incident radiation angle 6,1s also indicated, as is the scattering
plane elevation angle, o, These angles are equal, respec-
tively, to 0 and o, which are also shown in the figure. Thus,
when the incident beam is at the correct angle, a wide diffrac-
tion signal is emitted from the material and directed toward a
detector 18. As with the incident beam, the diftraction signal
is represented in the figure by a dark, solid line indicating the
beam center, and two dotted lines that indicate two opposite
extremes of the signal. However, due to the elongated shape
of'the region illuminated by the incident beam, the diffraction
signal also has an elongated shape and appears as a line 20 on
the surface of detector 18. That is, the diffraction signal has a
wide profile (shown by the two dotted lines), but is narrow in
the other direction.

Because of the relationships between the incidence angles
0,, oy and the diffraction angles 0, o, the diffraction signal
20 that arrives at detector 18 has a direct spatial correspon-
dence to the line 14 along which the incident beam illumi-
nates the sample material 10. That is, intensity at any point
along the diffraction signal 20 is dependent upon the interac-
tion between the incident beam and a corresponding section
of'the sample along the line 14. If there is a section along line
14 where the incident x-ray beam is prevented from interact-
ing with the crystal (such as by a surface contaminant), the
intensity of that portion of the beam that corresponds to the
location of the contamination will have a reduced intensity.
Likewise, if there is a region of the crystal material that does
not have a lattice structure that satisfies the Bragg rule (due,
for example, to a crystal defect or crystallite section with a
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lattice orientation that is not correctly oriented to satisfy the
Bragg condition), the intensity of the diffraction signal will be
reduced in this region. Thus, a spatial analysis of the diffrac-
tion signal 20 will indicate any part of the material 10 along
the line 14 that does not satisfy the requisite diffraction con-
ditions.

The spatial dependence of the diffraction technique shown
in FIG. 1 is demonstrated by the presence of a signal-attenu-
ating material 22 on the surface of the crystal. This material
22 may represent any of a number of different substances that
are accidentally or intentionally deposited on the sample sur-
face such as, for example, a contaminant on a silicon wafer
crystal. In this example, the material 22 is such that it scatters
the x-ray radiation from the portion of the beam that would
otherwise be incident on the underlying crystal. As a result,
there is little or no diffracted signal energy in the correspond-
ing section of the diftracted beam as it arrives at the detector
18. This section of relatively low intensity is indicated as
region 24 of the linear beam 20 shown in FIG. 1. This effect
is also clear in the recorded intensity distributions shown,
respectively, in FIGS. 2A and 2B. The distribution shown in
FIG. 2A, for which there is no signal attenuation by a surface
material, shows some slight intensity variations, but no sig-
nificant spatial gap in the diffraction signal. The distribution
of FIG. 2B, however, corresponds to a situation such as that
shown in FIG. 1, where it may be clearly seen that an anomaly
(in this case a deposited surface material) has impeded a
section of the diffracted signal, resulting in a corresponding
reduction in intensity.

By using a position sensitive detector, the present invention
provides a method for localizing crystal defects, surface con-
taminants or other material anomalies across the surface of a
crystal sample material. In the arrangement of FIG. 1, the
spatial correlation is made relative to an elongated band along
the surface of the sample 10 that follows the line 14. This
provides a diffraction signal for a roughly linear segment of
the material, that is, it gives information primarily in one
dimension along the surface of the sample. However, itis also
possible to generate a two-dimensional characterization of
the material surface by scanning the x-ray beam across the
sample. One arrangement for doing this is shown in FIG. 3.

FIG. 3 is a schematic view of a measurement system in
which a sample 22 is located on a sample support 24, which
can be moved laterally as well as rotationally (as discussed in
more detail below). In the present embodiment, the support
24 is moved laterally in increments in a direction perpendicu-
lar to the primary direction of the elongated section 26 of the
sample illuminated by x-ray beam 28 emitted from x-ray
source 30. In this example, the sample is a monocrystalline
silicon wafer to be used for integrated circuit fabrication. To
do a compete characterization of the wafer, the sample sup-
port is first positioned so that the x-ray beam is incident at one
edge of'the sample 22. The diffracted signal is detected by the
detector 32 and the linear energy profile is recorded. The
sample support 24 is then advanced incrementally while a
similar profile is recorded for each position along the sample
surface. In this way, a profile of the entire sample may be
constructed.

FIG. 4 is a graphical representation of an intensity distri-
bution for a sample such as the silicon wafer of FIG. 3. In this
figure, the x-y plane is the plane in which the sample surface
resides, the x-direction being the direction of the region 26
illuminated by the x-ray beam, and the y-direction being the
direction of the material translation. The third dimension of
the figure represents intensity, so that the three-dimensional
intensity profile is readily apparent.
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An actual result of a scan such as that described above is
shown in FIG. 5, in which the brighter areas of the image
show regions of higher intensity. As can be seen, the form of
the crystalline wafer is clearly shown, with several intensity
patterns visible. For example, near the middle of the wafer
image is a dark circular shape, which is due to the presence of
a thin amorphous layer on the crystal surface. There is also a
relatively high intensity shown in the upper left hand portion
of'the image as compared to the right side, which is due to a
slight curvature of the wafer that creates a variation in the
angular correspondence between the incident x-ray beam and
the crystal lattice.

A profile like that of FIG. 5 may also be used to determine
the in-plane orientation of a sample so that, for example, the
in-plane crystal orientation may be determined relative to a
macroscopic feature of the sample. This is of particular inter-
est for verifying the proper location of a silicon wafer flat that
is critical to certain types of integrated circuit fabrication. The
flat is machined into the side of the wafer during the wafer
production process so as to provide a guide to the orientation
of the in-plane crystal structure that may be referenced in
subsequent fabrication steps. In FIG. 5, the wafer flat is
clearly visible near the bottom of the image, and a “single
scan” line representative of the direction of the incident beam
is shown to indicate its orientation relative to the wafer flat.

The example shown in FIG. 5 provides orientation infor-
mation regarding a monocrystalline material. However, the
present invention also allows the mapping of a material hav-
ing multiple orientation domains. In the field of crystal fab-
rication, it occasionally arises that a perfect monocrystalline
structure is not formed but, rather, that two or more separate
crystal regions develop that border on one another, and that
each have a different in-plane orientation. In such a case,
during a scanning of a first domain of interest, the magnitude
of the diffraction signal emitted from the other domains
would be negligible, and the intensity in those areas of the
image would therefore be minimal. However, the sample may
be subsequently repositioned to satisfy the Bragg condition
for another of the domains, and the relevant orientation infor-
mation recorded for that domain. This process may then be
repeated for each of the domains until a complete orientation
mayp is produced.

A method such as this may make use of a system such as
that shown in FIG. 3. However, to allow the detection of all the
different crystallites in the sample, the sample support is
rotated after each detection so as to reposition the sample at a
different rotational orientation relative to the x-ray beam. The
sample may be located, for example, with the x-ray beam
passing through its geometric center, and a complete profile
of the sample obtained by incrementally rotating the sample
support through an angular range of 360°.

Another mapping method that may be performed with the
present invention allows the determination of how a sub-
stance is distributed on the surface of a single crystal material.
As discussed above in connection with FIG. 1, a layer on the
surface of a crystal will attenuate the diffracted signal being
emitted thereby, and the extent of the attenuation is propor-
tional to the thickness of the layer. Thus, in one embodiment
of'the invention, the scan of a crystal material may be used to
assess the presence and thickness of a surface layer material.

Shown in FIG. 6 is a photograph of a monocrystalline
wafer, on the surface of which is an amorphous coating hav-
ing a recognizable pattern. The wafer was subsequently sub-
jected to an in-plane grazing incident diffraction using a
position-sensitive detector according to the present invention.
The result of the scan is shown in FI1G. 7, for which the image
is reversed (i.e., the dark regions indicate areas of higher
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intensity). In this figure, the respective directions of the inci-
dent x-ray beam, the interatomic spacing of interest and the
diffracted signal are indicated by arrows. As can be seen, the
pattern formed on the crystal surface is clearly visible. More-
over, the regions where the thickness of the surface material is
greater, such as regions 36 and 38, show a higher degree of
attenuation in the diffracted signal. The macroscopic features
of the wafer, such as the flat 34, are also readily apparent, as
is the drop in intensity near the lower right hand side of the
figure, indicating a curvature in the wafer surface.

The mapping capability of the present invention allows the
characterization of a surface coating on a crystal, such as a
mask used in lithographic patterning. In addition to determin-
ing the precise distribution of the mask material, the degree of
attenuation may also be determined in a spatially-relative way
s0 as to characterize the material thickness across the sample
surface. This technique has application in verifying the
proper application of a mask material to be used in semicon-
ductor fabrication.

In another embodiment of the invention, a layer deposited
on a sample may be crystalline in nature, and may be the
subject of the mapping. That is, if a crystalline material with
a desired pattern has been deposited on a substrate, the inven-
tion may be used to perform an in-plane grazing incident
diffraction analysis of the deposited layer. In this way, the
distribution and the relative thickness of the deposited mate-
rial, which would generate the regions of high intensity in the
resulting image, may be mapped.

While the invention has been shown and described with
reference to exemplary embodiments thereof, it will be rec-
ognized by those skilled in the art that various changes in
form and detail may be made therein without departing from
the spirit and scope of the invention as defined by the
appended claims.

What is claimed is:

1. An apparatus for examining the surface of a crystalline
sample using in-plane grazing incidence diffraction, the
apparatus comprising:

an x-ray source that generates an x-ray beam that is inci-
dent on the sample at an angle relative to the sample
surface that results in the generation of an in-plane graz-
ing incidence x-ray diffraction signal from sections of
the sample having a crystal structure in a specific orien-
tation, the beam simultaneously illuminating a sample
region that extends substantially the entire length of the
sample in a first direction;

a position sensitive x-ray detector that receives the x-ray
diffraction signal, the diffraction signal having a spatial
profile that corresponds to the illuminated region of the
sample; and

a displacement mechanism for changing the relative posi-
tion of the x-ray beam and the sample so as to change the
region of the sample that is illuminated thereby.

2. An apparatus according to claim 1 wherein the position

sensitive detector is a one-dimensional x-ray detector.

3. An apparatus according to claim 1 wherein the position
sensitive detector is a two-dimensional x-ray detector.

4. An apparatus according to claim 1 wherein the illumi-
nated region of the sample approximates a line with a prede-
termined thickness.

5. An apparatus according to claim 1 wherein the diffrac-
tion signal detected by the detector approximates a line with
a predetermined thickness.

6. An apparatus according to claim 1 wherein the displace-
ment mechanism comprises a sample support that may be
adjusted to change the lateral position of the sample relative
to the x-ray beam.
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7. An apparatus according to claim 1 wherein the displace-
ment mechanism comprises a sample support that may be
adjusted to change the rotational position of the sample rela-
tive to the x-ray beam.
8. A method for examining the surface of a crystalline
sample, the method comprising:
directing an x-ray beam toward the sample at an angle
relative to the sample surface that results in the genera-
tion of an in-plane grazing incidence x-ray diffraction
signal from sections ofthe sample having a crystal struc-
ture in a specific orientation, the beam simultaneously
illuminating a sample region that extends substantially
the entire length of the sample in a first direction;

detecting the x-ray diffraction signal with a position sen-
sitive X-ray detector, the diffraction signal having a spa-
tial profile that corresponds to the illuminated region of
the sample; and

displacing the x-ray beam and the sample relative to each

other so as to change the region of the sample that is
illuminated by the x-ray beam.

9. A method according to claim 8 wherein displacing the
x-ray beam and the sample relative to each other comprises
changing the relative lateral position of the x-ray beam and
the sample.

10. A method according to claim 9 wherein changing the
relative lateral position of the x-ray beam and the sample
comprises changing said relative lateral position in a direction
perpendicular to the first direction.

11. A method according to claim 8 wherein the x-ray beam
and the sample are displaced relative to each other multiple
times and for each displacement the diffracted x-ray beam is
detected and corresponding intensity information is recorded
relative to the spatial profile of the diffraction signal, and
wherein the method further comprises assembling said inten-
sity information from each displacement to construct a spatial
profile of the sample surface.

12. A method according to claim 11 further comprising
analyzing the spatial profile of the sample surface to identify
the presence and location of a signal-attenuating material
deposited thereupon.
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13. A method according to claim 12 further comprising
analyzing the spatial profile of the sample surface to deter-
mine a spatial profile of the relative thickness of said signal-
attenuating material.

14. A method according to claim 12 wherein the sample
comprises a silicon wafer and said signal-attenuating material
comprises a masking agent for use during semiconductor
fabrication.

15. A method according to claim 11 further comprising
analyzing the spatial profile of the sample surface to identify
the presence of crystal boundaries in the sample.

16. A method according to claim 11 further comprising
analyzing the spatial profile of the sample surface to identify
the presence of crystal defects in the sample.

17. A method according to claim 11 further comprising
analyzing the spatial profile of the sample surface to locate
curvatures therein.

18. A method according to claim 8 wherein displacing the
x-ray beam and the sample relative to each other comprises
changing the relative rotational position of the x-ray beam
and the sample.

19. A method according to claim 18 further comprising
changing the relative rotational orientation of the x-ray beam
and the sample in the plane of the sample surface so as to
produce a diffraction condition in a region of the sample
where no diffraction condition existed prior to the orientation
change.

20. A method according to claim 19 further comprising
repeating the orientation change while detecting an intensity
profile of the diffracted signal with the detector, and using
said changing intensity profile to assemble a profile of the
crystal orientation in different regions of the sample.

21. A method according to claim 8 wherein detecting the
x-ray diffraction signal with a position sensitive x-ray detec-
tor comprises detecting the x-ray diffraction signal with a
one-dimensional x-ray detector.

22. A method according to claim 8 wherein detecting the
x-ray diffraction signal with a position sensitive x-ray detec-
tor comprises detecting the x-ray diffraction signal with a
two-dimensional x-ray detector.
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